We observed the SiO (v = 1 and v = 2, J = 1-0) maser emissions toward the Mira variable IK Tauri (IK Tau, NML Tau, IRC +10050) over nine epochs from 2003 November to 2005 April using the VLBI Exploration of Radio Astrometry (VERA) telescope array. We found that the SiO maser distributions around IK Tau are highly variable, depending on the stellar pulsation phase. The velocity structures were complex and also time-variable, and are inconsistent with a simply rotating shell that was suggested by previous observations. Based on fittings of the SiO maser distributions to elliptical ring models, we found that the ring size seems to vary in correlation with the pulsation phase, as previously found for TX Cam. Comparisons of the v = 1 and v = 2 maser distributions reveal that 42-50% of the maser pairs have a positional offset less than 0.5 mas, suggesting that the maser pumping in these spots is likely to be dominated by line overlapping or collisional pumping, rather than pure radiative pumping. In order to model the velocity structure of the spoke-like features observed in IK Tau, we propose a ballistic-orbit model, in which a gas clump ejected from the stellar surface moves radially outward with a gravitational deceleration, and argue that the stellar mass can be deduced from that model.
Introduction
The Asymptotic Giant Branch (AGB) is a specific stage of evolved stars with the initial stellar masses ranging over 0.8 Mˇ. M . 8 Mˇ. In this stage, a large fraction of stellar mass is ejected from the outer layer of the star into the interstellar medium. This stage involves a physical process that is important for understanding the cycle of material in the universe and star formation in the next generation. Observations of masers in the SiO, H 2 O, and OH molecule lines are one of the most effective ways to investigate in detail circumstellar envelopes formed by such copious mass loss.
Especially SiO masers exhibit ring-like structures a few times larger than the diameters of the stars, and are located closest to the host stars among the three species of masers (Reid & Moran 1981) .
IK Tauri (NML Tau, IRC +10050) is an oxygen-rich Mira variable and is an example of an AGB star that harbors strong SiO maser emission in its circumstellar envelope. The spectral type of IK Tau varies from M8.1 to M11.2 (Olofsson et al. 1998) . The pulsation period is about 470 days (Wing & Lockwood 1973; Hale et al. 1997) . The distance to IK Tau is estimated to be 250-270 pc (Olofsson et al. 1998; Whitelock et al. 1994 ). The diameter of the stellar photosphere was estimated to be 20.2 mas at 2000 January and February by Monnier et al. (2004) . This diameter was determined from a uniform disk diameter fit to combined Keck aperture-masking data ( 0 = 2.257 m, Δ = 0.053 m) and Infrared Optical Telescope Array (IOTA) data ( 0 = 2.16 m, Δ = 0.32 m) in the near infrared.
The SiO (v = 1, J = 1-0) maser emission in IK Tau was mapped with VLBA once (Boboltz & Diamond 2005) . That map shows an elliptical asymmetric ring of the emission extended to an area of approximately 58 32 mas 2 , and its major axis is directed northeast-southwest (NE-SW). Lineof-sight velocities of the masers show systematic differences with blue-shifted masers in the NW and red-shifted masers in the SE. Boboltz and Diamond (2005) proposed that the SiO maser shell is rotating around IK Tau. Such asymmetric distributions are also found by previous H 2 O=OH maser observations for IK Tau (Lane et al. 1987; Bowers et al. 1993; Yates & Cohen 1994; Marvel et al. 1998; Bains et al. 2003; Bowers et al. 1989) . The distributions are elongated in the E-W or SE-NW direction. An accelerating or asymmetric outflow with possible rotation is also suggested by Bains et al. (2003) and Bowers, Claussen, and Johnston (1993) . However, because the profiles of SiO masers are highly variable, it is necessary to examine the universality of the rotation/bipolar outflow scenario by monitoring the maser distributions for at least one pulsation period.
In this paper, we present results of our VLBI observations of the SiO (v = 1 and v = 2, J = 1-0) maser transitions toward the Mira variable IK Tau for nine-epochs that covers one pulsation period to investigate the variation of maser structure on the time scale of 510 days. We mainly discuss the global SiO maser distributions for IK Tau. Section 2 describes the observations and data analysis. Section 3 shows the present results. In section 4 we discuss the implications of the observed results.
VLBI Observations and Data Analysis
We simultaneously observed two different lines of SiO maser emission (v = 1 and v = 2, J = 1-0) toward GHz and 42.820582 GHz are adopted in this paper as the rest frequencies of SiO v = 1 and v = 2 transitions, respectively. Clock parameter calibrators 3C 454.3, 0423 013, 0854+201, 4C 13.21, and 4C 39.25 were also observed every 40 minutes. The received signals in the left-hand circular polarization were filtered in two base-band channels (BBCs) with a bandwidth of 16 MHz (equivalent to a velocity width of 111 km s 1 ). The first BBC was centered at the Doppler-shifted frequency of the v = 2, J = 1-0 line while the second BBC was automatically placed 304 MHz (= 16 MHz 19) higher than the first BBC, so that the v = 1, J = 1-0 line (rest frequency 43.122079 GHz) was also able to be observed (more detail in Iguchi et al. 2005) .
The observed signals filtered as mentioned above were recorded with a SONY DIR 1000 recorder at a rate of 128 Mbit s 1 . The recorded signals were correlated with the Mitaka FX correlator, which produced auto-correlation and cross-correlation spectra consisting of 512 spectral channels with a frequency spacing of 31.25 kHz, yielding a velocity spacing of 0.22 km s 1 . Visibility calibration was performed using the NRAO AIPS package in a standard manner. The bandpass response was calibrated by using the continuum calibrators. Fringe solutions were obtained by fringe-fitting the visibilities of the strong and compact maser emission in the reference velocity channels for each of the maser transitions (see column 8 of table 1). Because the maser emission in the reference channel had a complicated brightness structure, a map was made using the DIFMAP software package provided by Caltech to obtain a more reliable image used for self-calibration in AIPS. The resulting self-calibration phase solutions were applied to all channels in each transition. Note that after applying these calibrations, the absolute position information is completely lost from the maser image cubes. The absolute positions of maser spots are not known accurately enough to uniquely register the two different maps of the v = 1 and v = 2 masers. To measure the intensities of the maser spots and the relative positions of the maser spots with respect to the reference spot, two-dimensional Gaussian functions were fitted with a cut-off signal-to-noise ratio of 8 in each spectral channel using the AIPS task SAD. Note that in this paper, a maser feature indicates a cluster of maser spots that have nearly the same positions and continuous velocity range, as usually defined. Figure 1 shows an optical light curve of IK Tau derived from the American Association of Variable Star Observers (AAVSO) data and SiO maser flux variations obtained with VERA single-dish observation at Iriki station. Epochs of VERA observations presented in this paper are also shown in figure 1 (black triangles). As can be seen in the figure, our observations cover a full pulsation period with a time span of 500 days, and the last seven epochs intensively sample the increasing phase of the light curve ( = 1.6 to 2.0) with a 1 month interval. The integrated fluxes of the SiO masers around IK Tau show the time-variation correlated with the optical light curve. We note that the light curves of SiO masers are more complicated than that of the optical light, implying that the SiO maser distributions could also drastically vary with the pulsation phase as well as the pulsation cycle. Figure 2 presents velocity-integrated maps of the v = 1 and v = 2 maser lines at all nine epochs. Here, we show the spots that have a signal-to-noise ratio larger than 7 in the velocity channel maps. Due to data reduction with self-calibration, the absolute position of the phase center in each image is unknown. To align the two maser maps, we used the relative positions of bright maser spots in the two different maser lines; except for epochs 3 and 9, we found three or four bright maser spots that were detected both in v = 1 and v = 2 lines, and showed similar distributions. We note that the map registrations obtained here may not be accurate, and could introduce an artificial positional offset. However, as will be discussed later, the relative position error introduced by this method is likely to be smaller than 1 mas (see subsection 4.3 for detail). At epochs 3 and 9, we could not find any set of maser spots that are detected in both v = 1 and v = 2 maser transitions because there were only a few maser spots in v = 1 at epochs 3 and 9 having the same velocity and positions with those in v = 2. Thus, the image frames at epochs 3 and 9 were shifted by eye, so that the overall maser distributions of the two transitions coincide with the each other. In figure 2 we also show a stellar disk size of 20.2 mas, which was obtained by interferometric observations in the near-infrared (Monnier et al. 2004) .
Results
The maser spots are distributed at 1.5-2.0 stellar radii, which is typical for SiO masers in Mira variables (e.g., Boboltz & Wittkowski 2005; Cotton et al. 2006) . The distributions of v = 1 and v = 2 masers are basically similar to each other, but maser spots in the v = 1 transition tend to be distributed further than those in v = 2. Generally, the maser spots show elliptical ring-like or quadrilateral distributions, the most prominent example of which is the one near the light maximum phase (e.g., = 1.95 at epoch 8). The position angles of the elongation directions vary depending on time from the NW-SE direction (epochs 1 and 2) to NE-SW (epochs 3 to 9). Although epochs 1 and 8 are almost the same phase as that of the light curve, these maser distributions do not resemble each other. The maser distribution has a clearer ring structure, and there are more maser features at epoch 8 than at epoch 1. The directions of the global elongation are also in disagreement between epoch 1 and epoch 8. Figure 3 present the flux distributions and the velocity fields in the two lines at the different light-curve phases ( = 0.93 to 2.00). The maser parameters were obtained with the AIPS task SAD with a cut-off signal-to-noise ratio of 8 (rather than 7 used for figure 2); in the task SAD, the cutoff S=N of 7 was not high enough to avoid noise contamination. Hence, in figure 3 the number of maser spots is slightly smaller than that in figure 2 due to the cut-off S=N difference. Each upper sub-panel of figure 3 shows the flux density of the maser spots against the local-standard-of-rest (LSR) velocity. The flux densities of the cross-power spectra observed with the VERA baselines are about 1=20 of those found in the total-power spectra. We find that the blue-shifted masers have higher flux densities than the red-shifted masers, being similar to the flux density distribution found by Boboltz and Diamond (2005) . Although blue-shifted and red-shifted maser features showed a clear spatial separation in the map obtained by Boboltz and Diamond (2005) , the maser features observed in the present paper exhibit a mixed spatial distribution, indicating that a simple rotating shell is not enough to reproduce the observed velocity structure (see next section for detail). 
Discussion

Velocity Structure and Relation between SiO=H 2 O=OH Masers in IK Tau
In the present SiO maser observations, the velocity structure changed greatly with time, and the distributions of the blueshifted and red-shifted masers were more complicated than that found by Boboltz and Diamond (2005) , even at the same stellar phase. Here, we calculated the flux-weighted average radial velocities of the maser spots in 8 sectors around the star based on a method by Cotton et al. (2004) . In this calculation, the maser spots shown in figure 3 were used. The resultant sector velocities do not show any clear trend concerning the velocity structure, and the sector velocities changed from epoch to epoch within a few km s 1 . This indicates that the velocity structure in the outer stellar atmosphere is dominated by turbulence rather than systemic motion, such as stellar rotation. Such turbulent motions will tend to mask the signature of systematic rotation, because the host star must be a slow rotator due to its enormous size. In order to reduce the effect of these turbulent motions, and to investigate if there is a systemic velocity structure, such as stellar rotation, we averaged the sector velocities over nine epochs. Figure 4 shows the sector velocities averaged over the nine epochs for the SiO masers in IK Tau (sector's opening angle is 45 ı ). The velocity variation through the sectors can be fitted by a sinusoidal curve ( 2 = 0.52) or by a straight ( 2 = 0.81) line. Since there is no significant difference in 2 for a sinusoidal fit and a constant velocity fit, our results do not provide any direct evidence for a rotational SiO maser shell, which was proposed by Boboltz and Diamond (2005) . Even if we adopt the sinusoidal fitting, the sector velocity structure implies rotation with a velocity of 0.94 km s 1 and a rotation axis at a position angle of 227 ı , which is nearly opposite to the rotation axis obtained by Boboltz and Diamond (2005) ( 59 ı ). In fact, the blue-shifted and red-shifted components in the present maser maps are located in the opposite sides when compared to the results of Boboltz and Diamond (2005) . Also, in Boboltz and Diamond (2005) , the blue-shifted and red-shifted components were clearly distinguished like other stars such as NML Cyg (Boboltz & Marvel 2000) and R Aqr (Hollis et al. 2001; Cotton et al. 2004 Cotton et al. , 2006 , suggesting the rotation of SiO maser shells. However, our maser maps do not clearly show any systematic velocity structure in each epoch. Therefore, the apparent rotation-like structure reported in Boboltz and Diamond (2005) probably made by chance. Although the spatial maser distributions in 2005 (obtained with VERA) resemble the structure in 1996 (Boboltz & Diamond 2005) in terms of an elongation axis in the SW-NE direction, the major axis of the elongation in 1996 was about 1.5-times larger than in 2005. We also note that during our observations the direction of the elongation axis changed between the first two epochs and the remaining seven epochs. Hence, the elliptical ring/quadrilateral distributions are not permanently stable, and are varying with time, possibly in relation to the stellar pulsation phase. The systematic velocity structure seen in Boboltz and Diamond (2005) may be due to an expanding (or contracting) shell, in which expansion (or contraction) motion projected on the line of sight caused the systematic velocity structure, which is apparently indistinguishable from a stellar rotation. A non-radial mode of the stellar pulsation may explain these characteristics of the SiO maser distributions around IK Tau, including their time variations.
Other molecular masers such as H 2 O and OH masers, also show elongated distributions in the SW-NE direction. For an H 2 O maser, Bowers et al. (1993) suggested that the H 2 O maser shell has an accelerating and asymmetric outflow with a possible rotation based on the distance-radial velocity (Â V ) diagrams. Bains et al. (2003) Measuring the proper motions of maser spots is another approach to understanding the velocity structure of circumstellar regions traced with masers. Based on the same method as that of Boboltz et al. (1997) , we tried to measure the proper motions of SiO masers between two or three epochs, which were sampled with an 1 month interval. However, reliable proper motions were detected for only a few spots, mainly due to a drastic variation of the maser distributions between epochs, as can be seen in figure 2. Thus, for the proper motion measurements, an observational interval shorter than 1 month is preferable for a reliable identification of SiO maser spots.
Time Variation of the Ring Structure
Here, we discuss the size variation of the maser distribution area, depending on the stellar pulsation phase using elliptical ring models. We approximate the maser distributions with an elliptical ring, which is described as a circular ring with a ring radius of r and a ring width of Δr projected onto the sky plane with an inclination angle of Â. First, the ring center position was searched by finding the location of an annulus that contains the maximum logarithmic flux (an annulus width was set to be 0.1 mas). After the ring center determination, the inclination (Â) was estimated by finding the parameter that provides the largest logarithmic flux density in an elliptic annulus. Then, the ring radius, r, was determined so that the logarithmic flux enclosed within the projected ellipse becomes 50% of the total logarithmic intensity. The ring width Δr was also determined as Δr = r out r in , where r in and r out are inner and outer radii, which are defined so that the enclosed logarithmic fluxes within the ellipses become 25% and 75% of the total logarithmic intensity, respectively. We note that this procedure is similar to that of Yi et al. (2005) .
The obtained ring radii and widths at each epoch are given in table 2, and the time variation of the ring radii with the light curve phase is plotted in figure 5 . Note that in figure 5 vertical bars show the ring widths, Δr. During = 1.65-2.00, the v = 1 and v = 2 ring radii seemed to gradually increase with the phase. In fact, while plots for v = 1 can be fitted by a sinusoidal curve or a constant line ( 2 v=1 = 0.66 for sinusoidal curve and 2 v=1 = 0.94 for constant), the plot for v = 2 is better represented by a sinusoidal curve ( 2 v=2 = 1.07 for sinusoidal curve and 2 v=2 = 4.94 for constant line), indicating that there is a ring size variation with the pulsation phase (note that in 2 calculations, the ring width Δr is assumed to represent the error of the ring size, r). In figure 5 , sinusoidal fits to both v = 1 and v = 2 ring sizes are also shown. The results of the sinusoidal fits indicate that the radius of v = 2 is about 1 mas smaller than that of v = 1.
For IK Tau, the maser distribution found by Boboltz and Diamond (2005) 
(58 32 mas
2 ) was more widely spread than those in the present results at all phases (see table 2), although these observations were made at almost the same phase ( = 0.85=0.82 and 0.85, respectively). These results indicate that the maser distributions vary with stellar pulsation cycles. SiO maser ring-size variations were also intensively observed for TX Cam (Diamond & Kemball 2003; Gonidakis et al. 2006) . Here, we focus on the ring-size behavior of TX Cam at the pulsation phase = 0.6-1.0 + n (where n is the integer corresponding to stellar pulsation cycles) to compare with the densely-sampled phase of IK Tau in our observations. (table 2) . The horizontal axis is the light-curve phase of IK Tau. The solid and dashed curves show sinusoidal fits for the v = 1 and v = 2 ring radii, respectively. A vertical bar represents the ring width, Δr. Diamond and Kemball (2003) revealed that the ring size of SiO masers in TX Cam is increasing in that phase. Gonidakis, Diamond, and Kemball (2006) presented the SiO ring-variation for a longer period (nearly 2 stellar cycles), and showed that the ring size at = 1.6-2.0 (one stellar cycle later than that of Diamond & Kemball 2003) also has an increasing trend with time, although the expansion velocity is fairly smaller than that observed in Diamond and Kemball (2003) . These results indicate that both IK Tau and TX Cam have the same trend in the ring-size variations, at least at the stellar phase of = 0.6-1.0. Regarding other Mira variables, Cotton et al. (2004) and Cotton et al. (2006) presented the time variation of the SiO ring for U Her, R Aqr, o Cet, R Leo, and S CrB. Although the sampling was not dense enough (typically a few epochs per one stellar pulsation cycle) to compare them with our results, the ring size of R Leo may indicate an increasing trend at the stellar phase of = 0.6-1.0, being similar to IK Tau and TX Cam. In that phase, S CrB may also have the same trend. For other sources, the ring sizes of U Her, R Aqr, and o Cet seem to be stable, or even slightly decreasing, in the case of o Cet. These different trends of the ring-size variation may originate from the characteristics of individual stars, or a variation of stellar properties, depending on the stellar pulsation cycle. These different trends in the ring size variations may be explained in terms of the expansion velocity of the shell and the escape velocity of the star (Gonidakis et al. 2006) , i.e., if the shell is gravitationally bound, the shell exhibits both expansions and contractions, and if the shell is unbound, the shell should permanently expand. In the present observations of IK Tau, the expansion velocity does not seem to exceed the escape velocity. Here, we estimated the expansion velocities by time-differentiation of the sinusoidal curve shown in figure 5 . The expansion velocities of the v = 1 maser ring was found to be 0.3 to 14.4 km s 1 at = 1.65-2.00, and to be 8.6 to 19.5 km s 1 for the v = 2 maser ring at the same phase. On the other hand, the escape velocities are 20.1 to 22.9 km s 1 for v = 1 maser ring and 16.7 to 23.0 km s 1 for v = 2 maser ring, respectively (here we assume a stellar mass of 1 Mǎ nd a distance of 250 pc). Thus in the case of IK Tau, maser shells are likely to be bound, and contraction may be possibly seen if the whole stellar pulsation cycle is densely sampled. Non-detection of contraction may be due to relatively sparse sampling of the monitoring epochs at the contraction phase. In fact, in case of TX Cam there exist maser components that are moving inwards showing a contraction of the ring in the second cycle, although the contraction was not seen in the first cycle (Gonidakis et al. 2006 ). Gonidakis, Diamond, and Kemball (2006) mentioned that the expansion velocities of the masers seen in the first cycle are larger than the escape velocity, which can explain the lack of contraction. For a further understanding of shell size variation, accurate determinations of the escape velocity (i.e., stellar mass) as well as the expansion velocity (i.e., proper motion measurements) will be necessary, and this is an issue to be studied in the near future.
Relative Position between v = 1 and v = 2 Maser Spots
In this subsection we discuss the relative position difference of SiO masers in a v = 1 and v = 2 map. Since epoch 2 ( = 1.13) and epoch 8 ( = 1.95) are near the maser intensity maximum, and there are enough maser spots for statistics, we consider epoch 2 and epoch 8 for comparisons of the v = 1 and v = 2 spot positions. Figure 6 shows the number distribution of the angular distances from each v = 1 spot to the nearest v = 2 spot having a radial velocity within˙0.22 km s 1 (=˙1 ch) of that of the v = 1 spot. To investigate the spot separation between the v = 1 and v = 2 maser spots, one needs a relative registration of the two maps. For epoch 2, we used the spot at V LSR = 41.2 km s 1 for v = 1 and V LSR = 41.1 km s 1 for v = 2 as a reference maser spot, which were assumed to be emitted from the same gas clump. For epoch 8, we used V LSR = 29.7 km s 1 for v = 1 and 29.5 km s 1 for v = 2 as a reference spot. These reference spots are bright, and also have simple structures both in the v = 1 and v = 2 maser lines. Figure 6 shows that there is a sharp peak in the distributions of the angular separations between the v = 1 and v = 2 spot pair at D 0 mas, indicating that the overall distributions of the v = 1 and v = 2 maser spots are similar to each other. In fact, 42% and 50% of the maser pair of the v = 1 and v = 2 spots have an angular distance of less than 0.5 mas at epoch 2 and epoch 8, respectively. Note that the spot pair with angular distances greater than a few tens of mas are virtually independent spots, because a few tens of mas corresponds to the scale of the SiO maser rings. Note that the above results depend on the accuracy of the reference spot positions, and hence we should carefully consider the effect of the offsets that could be introduced by any mis-identification of the reference spots. To evaluate this, in the right panels of figure 6 we show the number distribution of the maser pairs of the v = 1 and v = 2 spots with the angular distance being less than 0.5 mas with varying position offsets between the v = 1 and v = 2 maps, both in the X and Y directions. As can be seen in figure 6 , the number of pairs is strongly peaked at the initial reference position obtained by using the reference spots described above, and the number of pairs drastically decreases if one adopts a 1 mas offset in both dX and d Y . These results suggest that the accuracy of the map registration obtained with the reference spots is about 1 mas, or better.
We now discuss the SiO maser pumping mechanism based on the relative positions of the maser spots obtained above. There exist two major theoretical models of the SiO maser pumping mechanism, namely, radiative pumping (e.g., Desmurs et al. 2000; Bujarrabal et al. 1996; Bujarrabal 1996 Bujarrabal , 1994a Bujarrabal , 1994b and collisional pumping (e.g., Lockett & Elitzur 1992; Doel et al. 1995) . In the radiative pumping model, the energy of the maser pumping comes from the stellar radiation at 8 m, which corresponds to Δv = 1 ro-vibrational SiO transitions. Generally, the radiative pumping model expects that the distributions of the maser spots in the two transitions do not spatially coincide with each other due to the large energy difference in the two vibrational levels (ΔE=k 1800 K). It is also possible that radiative processes tend to quench the v = 1 maser lines when the opacities are high enough to invert the v = 2 lines. In contrast, in the collisional model the shock in the mass-loss outflow provides the maser pump energy by means of collisions with the H 2 molecules, and thus the collisional pumping model predicts the same locations of the v = 1 and v = 2 maser spots in the shock region. In our observations of IK Tau, figures 2 and 6 show that a large fraction of pairs of the v = 1 and v = 2 spots are located within 1 mas from each other. This trend favors the collisional pumping mechanism, rather than the pure radiative pumping mechanism. However, there is another radiative pumping model that predicts close locations of the v = 1 and v = 2 maser lines, which is called the line-overlapping model (e.g., Bujarrabal et al. 1996; SoriaRuiz et al. 2004 ). In this model, the line-overlapping between the transition of H 2 O molecules and the Δv = 1 ro-vibrational transition of SiO molecules at 8 m plays a major role in population inversion of the SiO transitions. In this model, the infrared photons from the H 2 O 2 = 0 12 75 to 1 = 1 11 66 transition excites the SiO v = 2 J = 1 from v = 1 J = 0, and hence population inversion can occur at both the v = 2 and v = 1 J = 1-0 transition in the same gas, resulting in the same location of the v = 1 and v = 2 maser spots. The lineoverlapping model can also explain the close locations of the v = 1 and v = 2 maser spots in IK Tau, and thus cannot be ruled out by our observations. Also, we note that in the NE region of epochs 6 and 7, there are only a few pairs of v = 1 and v = 2 spots that have the same radial velocity and positions, and the v = 2 maser features are located relatively closer to the star than the v = 1 masers (see figures 2 and 3). This may suggest that radiative pumping occurs at least in that region. Probably the maser pumping is not merely caused by one of above processes, but is likely to be more complicated as a combination of these processes. In fact, Doel et al. (1995) indicate that the SiO pumping mechanism could be a combination of collisional and radiative events. In the future, 2-beam phasereferencing observations with VERA and precise astrometry better than 1 mas would be helpful for better understanding the SiO pumping mechanism. For instance, Kamohara et al. (2008) have compared the maser spots of v = 1 and v = 2 in R Aqr with an accuracy of 0.3 mas using VERA 2-beam observational data. In addition to such observations, pumping models that address the degree of spot coincidence between the v = 1 and v = 2 SiO maser lines will be required for further understanding this issue. masers (e.g., the features labeled as A and B). Mostly, spokes are blue-shifted with respect to the LSR velocity of the star, although there are a few red-shifted features that also exhibit short spoke-like structure. These spoke-like features have velocity gradients, whose radial velocities are approaching the systemic velocity with increasing distance from the star. These spoke-like structures are also seen in TX Cam (Yi et al. 2005) , o Cet (Cotton et al. 2006 (Cotton et al. , 2008 , R Leo (Cotton et al. 2008 ), U Her (Cotton et al. 2008) , and OH 26.25+0.6 (Cotton et al. 2008) . Cotton et al. (2006) showed that the magnetic field in the spoke-like features is elongated with the spoke structure. They argued that the spoke-like features reflect the dynamical motion in the envelope rather than parts of the global rotation of the envelope. Yi et al. (2005) suggested that the spoke-like structure traces a part of the entire circumstellar shell, which has a decreasing radial velocity with increasing the distance from the star.
Here we propose a ballistic-orbit model that describes the decelerating velocity structure in the spoke. Suppose that a spoke comprises of a radially aligned ensemble of point masses, which were continuously ejected from the surface of the star. We assume that the individual features are moving in a radial direction with deceleration due to the stellar gravity. Then, the equation of motion for a maser spot in a spoke is written as
where v = dr=dt. Here, r is the distance from the center of the host star, v the radial velocity (V LSR V LSR ) at r, G the gravitational constant, and M the stellar mass.
Since dt = dr=v, we obtain vdv = GM=r 2 dr:
By integrating equation (2), we obtain r r 0 = 1 1 + v 2 =v 2 0 ;
where v 2 0 = 2GM=r 0 . Here, the integral constant is determined so that the velocity v vanishes at the apocenter, r = r 0 . In practice, the spoke-like maser feature is projected onto the celestial sphere with an inclination angle i . Using a sky-projected distance to a maser spot from the star, r 0 = r cos i and a radial velocity of the spot, v 0 = v sin i , equation (3) 
which provides a relation between the direct observables, such as the projected distance from the star, r 0 , and radial velocity, v 0 . Figure 8 shows an example of the velocity structure of the spoke-like features modeled with the above equations. Here, we used the two prominent spokes at epoch 2 for v = 1 maser (features A and B in figure 7), since they have a large velocity range as well as a large radial extent. Figure 8 demonstrates that the velocity structure of the spoke-like features is well fitted by the velocity curve expected from the ballistic orbit model [equation (4)] with typical values of r 0 , M , and i (r 0 = 7:6 10 11 m, M = 1.0 Mˇ, and i = 26 ı ). In the right panels of figure 8 we also show velocity curves for different stellar masses (M ) and inclinations (i ), respectively. Since the shape of the velocity curve is strongly dependent on the parameters, such as M and i , we can constrain these parameters fairly well by the ballistic-orbit model. In fact, the fitting of the velocity curve of the two spoke-like features provides a stellar mass of 1.0˙0.1 Mˇand an inclination of 26 ı˙2ı . From these parameters and equation (4), the ejection velocity at a stellar surface of R surf = 10.1 mas is also calculated to be v surf = 11.6 km s 1 . This ejection velocity is less than the escape velocity at the stellar surface, which is estimated to be 26.6 km s 1 . This is consistent with the picture that the SiO shell expansion velocity is smaller than the escape velocity of the star, as was discussed in subsection 4.2. We note that in figure 8 other spoke-like features as well as non-spokelike maser features are also distributed along the model curve.
Hence, the present model may explain the overall velocity structures in the SiO maser shell simply by the stellar gravity. Applications of this method to other stars will be important to see if the ballistic-orbit model generally explains the properties of SiO maser spokes, and if it turns out to work well it will provide a rather new and unique tool to investigate the mass of AGB stars.
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